• The most widely used method for estimating collateral blood flow to an ischemic region of the myocardium, described in 1928 by Anrep and Haiisler 1 and recently reviewed by Gregg, 2 has been the measurement of retrograde flow from the distal end of the occluded artery. Katrus and Gregg 3 and Eckstein 4 have since stated that these values overestimate the true collateral blood flow. More recently Levy and his associates, 5 using a Rb 80 Cl clearance method to measure myocardial collateral blood flow, reported that isotope clearance values were even higher than retrograde flow values. Their method assumed that the total isotope content of the heart samples depended solely on myocardial blood flow. Actually content rather than flow is measured. Moreover, in vitro isotope studies demonstrated that intravascular isotope content must be considered when isotope methods are used to determine myocardial blood flow."
The work of Johnson et al. 7 demonstrated that heavy water can be used to measure myocardial blood flow. Furthermore, other work in this laboratory has suggested that I"'-labelled polyvinylpyrrolidone was relatively nondiffusible and that it might therefore be used to determine myocardial blood volume. The present experiments were designed to measure simultaneously, after ligation of the left circumflex coronary artery, a) retrograde flow, b) myocardial blood flow by isotopic methods, and c) myocardial blood vol-ume. The appropriate correction factors for intravascular isotope content were obtained from myocardial blood volumes and applied to isotopically determined myocardial blood flows. Comparison of these corrected isotope flows with retrograde flows indicates that the intravascular isotope content, not considered in a previous study, 5 is responsible for the disparity between the two methods of estimating myocardial collateral blood flow.
Methods
Mongrel dogs weighing from 8.2 to 19.5 kg were anesthetized with sodium pentobarbital (30 mgAg) administered intravenously. Arterial blood pressure was recorded by a Sanborn pressure transducer from a catheter inserted in the right femoral artery. The chest was opened in the left 5th intercostal space and the lungs were artificially ventilated with 100* oxygen by means of a Burns demand valve. The left circumflex coronary artery was then exposed 1 to 2 cm from its origin. Heparin (10 mg/kg) was injected intravenously. After 10 minutes the left circumflex artery was ligated. A polyethylene tube with an internal diameter of approximately 1.2 mm and a resistance of 0.37 mm Hg/ml blood/ min was inserted into the distal end of the coronary artery to permit measurement of retrograde flow from the effluent tip which was held at the same level as the end inserted into the artery. Three one-minute determinations of retrograde flow were made with a 1.5-minute period between measurements. Prior to each measurement the tubing was undamped for 20 seconds and allowed to bleed freely. Retrograde flows were expressed on a per weight basis (ml/min/ 100 g of myocardium) assuming that the region supplied by the left circumflex artery comprised 37* of the heart weight.*-«• " MYOCARDIAL BLOOD VOLUME Myocardial blood volume was determined by the use of a nondiffusible solute, polyvinylpyrrolidone (PVP) with an average molecular weight Circulation RtlUTCh, Vol. XVI, June 196) 538 BLOOR, ROBERTS of 40,000 (K-30),* labelled with I" 1 . One gram of PVP was labelled with I 13 ' according to the method of Gordon 10 and dialysed for three days against frequent changes of 0.9% NaCl. A typical product initially contained 4 X 10 r> counts/min/ml of I"'-PVP in 40 ml of 0.9% NaCl. Between 12 and 24 hours prior to the experiment, animals were given, intravenously, one gram of unlabelled PVP dissolved in 10 ml of 0.9% NaCl. This procedure was necessary because at a first injection of PVP dogs regularly suffer severe hypotension which does not occur at a second injection. During the experiments an amount of I'"-PVP, approximately 1 ml/kg body wt, sufficient to produce a final blood specific activity of 10,000 to 15,000 eounts/min/ ml was injected simultaneously with the heparin 10 minutes before the circumflex artery was ligated. The I J3 '-PVP specific activity of the blood reached equilibrium within five minutes of injection and did not change significantly during the remainder of the experiment which lasted from 15 to 45 minutes after the initial injection. Samples of arterial blood taken 10 and 15 minutes after injection of I'"-PVP were used routinely to determine its specific activity in the blood. At the end of the experiment specimens of the myocardium were weighed accurately. Samples of blood and of heart tissue were counted for I"'-PVP radioactivity (crystal scintillation counter, Picker Instrument Company) within two hours after completion of the experiment. The probable error in net counting rate for l tsi was less than 2.5%. Myocardial blood volumes, including capillary space, were determined by dividing the specific activity of the heart samples (counts/min/g) by the specific activity of the blood (counts/min/ml) and were expressed as ml/100 g of myocardium.
MYOCARDIAL BLOOD FLOW
After obtaining retrograde flows, myocardial blood flow was determined in all animals in which ventricular fibrillation did not supervene. To accomplish this, 26 ml of tritiated water (H 3 2 O), approximately 4 x 1 0° counts/min/ml, in 0.9% NaCl, were infused into the inferior vena cava in one minute by means of a Harvard constant rate infusion pump. During this onemin period blood samples were removed from the left femoral artery at ten-second intervals. The animal was sacrificed with sodium pentobarbital at the end of the one-minute infusion. The heart was immediately removed, washed briefly in tap water, and blotted. Specimens of myocar-"Kindly furnished by General Aniline and Film Corporation. dium weighing 0.2 to 1.0 g were then removed from selected regions.
Samples were taken from four regions of each heart. 1) Two samples were removed from left ventricular muscle adjacent to the left anterior descending artery, one from the proximal third and the other from the distal third of the left anterior descending distribution. These two samples were considered to be normally perfused even after left circumflex artery ligation and are labelled "normal" in the text. 2) One sample was taken from the center of the ischemic zone following left circumflex artery ligation. This zone was bounded by the left circumflex artery, the left marginal branch of the left circumflex and the posterior descending circumflex artery. This sample is labelled "ischemic" in the text.
3) A fourth sample was taken from the central part of the anterior right ventricular wall. This is labelled "right ventricle" in the text. These regions were labelled "A-B," "G," and "L," respectively, by Levy and associates. n The samples were accurately weighed, minced, added to 2 ml of 10% trichloroacetic acid, counted immediately for I' 3 ' content, then capped and allowed to stand. After four days the H 3 2 O content of the trichloroacetic acid solution had reached equilibrium with the heart samples. This mixture was then centrifuged and 0.2 ml of the clear supernatant solution counted in a liquid scintillation counter (Packard Instrument Company).
The H :s 2 O content of the blood samples was obtained by precipitating aliquots of blood with an equal volume of 20% trichloroacetic acid. After eentrifugation, 0.2 ml samples of the supernatant were counted in the liquid scintillation counter. A standard tritium solution was quenched proportionally (within 1%) by 0.2 ml of supernatant solution obtained as above from samples of nonradioactive heart tissue and blood. Since PVP is insoluble in trichloroacetic acid and since the I 1 " label remains firmly attached to PVP throughout the course of these experiments, I 1 * 1 did not interfere with H R^O counting. The probable error in net counting rate for H 3 .,O was less than 1%.
The concentrations of H 3 2 O (counts/min/ml) in the femoral arterial blood samples were plotted against time and the resulting concentration curve was integrated using Simpson's rule for irregular areas to give the mean arterial blood concentration of H a ;.O during the one-minute infusion. A composite concentration curve from all experiments showed that the mean arterial concentrations, expressed as percentages ( ± SE) of the final arterial concentrations, at tensecond intervals from time zero to one minute, were 0, 11 ± 1, 46 ± 2, 73 ± 1, 84 ± 1, 93 ± 1, and 100, respectively. The percentage uptake of H 8 2 O by the myocardium was determined from serial blood samples obtained simultaneously from the coronary sinus and the femoral artery at ten-second intervals during the oneminute infusion. If the coronary sinus H 3 2 O concentration were zero or negligible, then myocardial blood flow for specific regions could be determined by dividing the total tissue concentration of H 8 3 O (counts/min/g) by the mean arterial H S 2 O concentration (counts/min/ml). This blood flow was then expressed as ml/min/ 100 g of myocardium.
CORRECTED MYOCARDIAL BLOOD FLOW
The H 3 3 O flows for specific myocardial samples were corrected for intravascular isotope content by subtracting from the total H 3 2 O concentration, the concentration attributable to intravascular H S 2 O where the latter is the product of myocardial blood volume (obtained by using pu-PVP) and the final arterial H" 2 O concentration (at the end of infusion). The corrected H 3 2 O concentrations were then divided by the mean arterial H 8 2 O concentrations and the corrected flows were expressed as ml/min/100 g of myocardium. Statistical methods, including Student "t" test and regression analysis were carried out according to Bailey. 11 
Results
The 67 experimental animals were divided into four groups. 1) Control group. Myocardial blood volume determinations and isotope flow measurements were done on 10 animals in which the left circumflex arteries were exposed but not ligated. The mean heart weights, blood pressures, and retrograde flows for the four experimental groups are presented in table 1. The mean heart weight of the patent group, 80.8 ± 3.8 (SE) g, was less (P<0.05) than that of the control group. However, the remaining two experimental groups had mean heart weights that were similar (P>0.3) to that of the controls. The difference between the values of the patent and clamped groups was not significant (P>0.1). Mean arterial pressure was reduced in the three experimental groups in which the left circumflex artery was ligated. This reduction was essentially the same in the patent and clamped groups (P > 0.3) but was greater in the ligated-fibrillated group. The mean retrograde flow of the patent group was 12.1 ± 2.0 (SE) ml/min/100 g which was comparable with the results obtained in other studies. 9 "' 1 The mean retrograde flows were lower in the clamped and ligated-fibrillated groups but only in the latter group is the difference significant (P<0.02).
HM5 MYOCARDIAL BLOOD FLOW
In the control animals the mean myocardial blood flow measured by the H 3 2 O method was 79.2±2.9 (SE) ml/min/100 g of myocardium (table 2) in various regions of the left ventricle including that portion supplied by the left circumflex artery. Perfusion of the left ventricular muscle can be considered uniform throughout because individual zones from control animals showed a relatively constant myocardial blood flow value (P > 0.3). In contrast, perfusion of right ventricular muscle was less because its mean myocardial blood flow of 59.5 ± 5.2 (SE) ml/min/100 g of myocardium was significantly below (P<0.01) the value for the left ventricle.
In the patent and clamped groups the normally perfused zones of the left ventricle had myocardial blood flows that were close to the values obtained in the control group (P > 0.4 and P > 0.1, respectively). However, the values for the clamped group of 72.6 ± 2.8 (SE) ml/min/100 g were significantly lower (P<0.05) than those obtained in the patent group. This may be related to the difference of mean blood pressure (table 1) which was lower in the clamped group than in the patent group. The flow values for the right ventricle were lower than those for the left ventricle in both instances with the difference being highly significant (P<0.001) in the clamped group.
MYOCARDIAL BLOOD VOLUME
The myocardial blood volumes are summarized in table 3. In the control animals individual myocardial blood volumes of left ventricular muscle ranged from 3.9 to 7.9 ml/100 g of myocardium (including samples from the zone supplied by the left circumflex artery) with a mean of 5.7 ±0.2 (SE) ml/100 g. In contrast, the right ventricular samples from the same animals had a significantly lower (P<0.05) mean myocardial blood volume of 5.0 ± 0.2 ( SE ) ml/100 g of myocardium. Comparison of the myocardial blood volumes of individual zones of left ventricular muscle in the control group indicated that myocardial blood volume remained constant (P > 0.2) throughout the left ventricle.
Following ligation of the left circumflex artery the myocardial blood volume increased in the normally perfused zones adjacent to the left anterior descending artery. This in- crease was highly significant in the patent and ligated-fibrillated groups (P<0.001) but not in the clamped group (P>0.3). When conpared with the normally perfused zones, a greater increase of myocardial blood volume occurred in the ischemic zones in the patent and clamped groups. Samples from the center of the ischemic regions in these two groups showed a highly significant (P<0.001) absolute increase of 1.4 ±0.2 (SE) ml/100 g of myocardium over the mean myocardial blood volume of the normally perfused zones in the same animals, rfowever, in the ligated-fibrillated group the myocardial blood volume in the ischemic zone was nearly the same (P>0.05) as in the normally perfused zones with the myocardial blood volume being lower by 0.4±0.2 (SE) ml/100 g of myocardium.
MYOCARDIAL COLLATERAL BLOOD FLOW
Comparisons of the myocardial collateral blood flow measured by the H 8 jO method in the ischemic zone and by retrograde flow determinations are presented in table 4. In eight animals, myocardial blood flow from various sections of the ischemic zone, compared to the myocardial blood flow of the central portion, indicated that the myocardial blood flow of the central zone was representative of the entire ischemic zone (P > 0.3). In both the patent and clamped groups, the unconnected isotope flows were significantly ( P < 0.001) greater than the retrograde flow measurements. The unconnected isotope flow overestimated retrograde flow to a greater de-gree in the patent group, + 7.8 ml/min/100 g compared to +6.2 ml/min/100 g in the clamped group, although this difference was not significant (P>0.4).
After correction for intravascular content was made, the isotope flows were almost the same as the retrograde flows (table 4). In the patent group, the corrected isotope flows had a mean value of 0.2 ml/min/100 g more than the retrograde flows and in the clamped group there was no difference between the two estimates of collateral blood flow. Individual H 3 2 O flows ranged from 3.1 ml/min/100 g lower to 5.1 ml/min/100 g higher than retrograde flows in the same animal in the patent group. In the clamped group this individual difference ranged from -2.2 to + 2.0 ml/min/ 100 g. It was evident that the intravascular content of isotope, which was not dependent on blood flow, was responsible for the disparity between isotope and retrograde flows when no correction was made.
The Using the paired comparison method the significances of the differences from the retrograde flows are: *P < 0.001 (uncorrected vs retrograde). \P > 0.7 (corrected vs retrograde). \P > 0. 9 (corrected vs retrograde). § ± :5 of the mean. intravascular isotope content the resulting individual flow values were in excellent agreement with the values obtained by the retrograde flow method as evidenced by their proximity to the dotted lines. In both the patent and clamped groups the slopes of the regression lines do not differ significantly either from unity or from each other (P > 0.9 and P > 0.2, respectively). 
A. Comparison in "patent group" between H 3 t O myocardial blood flow of the ischemic zone (ordinate) and retrograde flow from the left circumflex artery (abscissa), both expressed in ml/min/100 g of myocardium. The dotted line represents the theoretical relationship between H 3 t O flow and retrograde flow when they are equal in each experiment. Both uncorrected H 3 t O flow values (left panel) and the same values corrected for intravascular H 3 t O content (right panel) are plotted against the retrograde flow values. B. Similar comparison in "clamped group."
molecule which is assumed not to leave the vascular space during the experiment. This assumption is justified by three facts: 1) Ravin et al. 12 showed that in the rat, two weeks after an intravenous injection of C^-PVP, less than 0.3% of the retained dose was found in the heart. 2) Roberts et al. IS showed that P 3J -PVP did not cross the alveolo-capillary membrane of newborn lambs. 3) In the present experiments and blood concentration of I' 3i -PVP did not change significantly after it reached equilibrium in the blood. Furthermore our measurements of myocardial blood volume are strikingly similar to those previously reported by Gibson et al. 14 Intravenous PVP injections have been shown to cause a reduction of blood pressure in the dog, lr ' but this reduction is eliminated by pretreatment with this colloid. 1 " In our pretreated animals mean arterial blood pressure did not change after the injections of I'"-PVP.
Since the H 8 oO myocardial collateral blood flows were expressed in terms of ml/min/100 g of myocardium it was necessary to express retrograde flow in comparable terms. In previous studies the left circumflex artery distribution, outlined by India ink injection, represented a constant fraction of the total heart weight with mean values of 36 and 37$ in one study 8 and 36.0 ± 1.1 (SE) in the other. 0 In the present study retrograde flows are expressed in terms of ml/min/100 g of myocardium, as was done by Levy et al., 5 by considering the weight of the region supplied by the left circumflex artery to be 37% of the total heart weight.
The lower perfusion and blood volume of the right ventricle may not reflect a true difference from the values for the left ventricle. Because of its thinner wall relatively more "non-muscle" tissue may be included in the right ventricular sample. This could account for the lower blood volume per gram.
The delayed appearance of H 3 2 O in the coronary sinus blood and its very low final concentration indicate that the heart is essentially clearing the blood of H 3 i>0 during the one-minute infusion. Therefore, the rate of heavy water exchange can be considered to be linearly related to blood flow provided that both the extravascular and intravascular tFoO concentrations can be measured.
Two methods can be employed to separate these parameters. 1) The isotope may be removed from the intravascular compartment by perfusion with a nonlabelled perfusate 0 for at least 40 seconds without changing the extravascular concentration of isotope. 17 2) In the present study intravascular volume (myocardial blood volume) and intravascular H 8 2 O concentration (final arterial H 3 2 O concentration) were measured independently. The product of these two values equaled intravascular H S 2 O which was then subtracted from the total H 3 2 O content of the heart sample to give the corrected H 3 a O flow. The use of final arterial H 3 2 O concentration in these calculations probably overestimates the actual intravascular isotope content of the entire heart sample since only that portion of the heart sample that is "arterial" in nature would have the same isotope concentration as the femoral artery blood. This correction would give a minimal value for flow. An alternative correction was tested by using the mean arterial concentration. This makes some allowance for the fact that a portion of the heart sample contains an H^O concentration similar to that seen in the coronary sinus. This gives a maximum value for blood flow. However, when the results of the present experiments were corrected using mean arterial H 8 2 O concentration the corrected flows were still not significantly different from the retrograde flow values.
The striking agreement between corrected H S 2 O flows and retrograde flows strongly suggests that myocardial collateral blood flow is correctly estimated by the retrograde flow method. To postulate additional collateral flow using isotope methods one must first recognize the effect of intravascular isotope content on the final determinations.
Summary
Simultaneous determinations of myocardial blood volume (using I"'-PVP), myocardial Circulation Ruetrcb, Vol. XVI, Junt 196} blood flow (using H 8 2 O), and coronary collateral myocardial blood flow (using retrograde flow) were made in dogs after left circumflex artery ligation. Intravascular H 3 2 O content at the end of the H^.O infusion was calculated as the product of myocardial blood volume and the final arterial H 8 2 O concentration.
When correction is made for intravascular H 3 2 O content the resulting flow measured by H 3 2 O is nearly identical to the retrograde flow. These results indicate that radioactive isotopes can be used to measure blood flow if correction is made for the intravascular isotope content. The identity of corrected H 3 2 O flows with retrograde flows also indicates the applicability of isotopic methods for the measurement of coronary collateral blood flow.
